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Introduction
Artificial cold is used to obtain low temperatures, which cannot be achieved through cooling by natural coolants (water, air).
Refrigeration unit is an actual steam compression machine that works in the Carnot reverse cycle with fluid overcooling and coolant throttling before evaporators.
Most often, ammoniac is used in cold production as a coolant, but at high performance plants, it is appropriate to use propane as a coolant. Propane does not interact with construction materials of the equipment, has less toxicity than ammoniac. However, it contains more impurities compared to other coolants.
Refrigeration department has almost no inertia and is very sensitive to inaccuracies in maintaining of the technological process. Its work is affected by many factors. Some negative factors may be eliminated during previous technological operations, the influence of the others can be reduced. Revealing "bottle necks" of the process of cold obtaining and optimization of technological parameters are very relevant, because they allow a significant increase in efficiency of using energy resources and equipment.
Composition of a coolant is one of the most influential factors, which affects stability and uninterrupted operation of a refrigeration unit. Propane, which is used as a coolant, contains such impurities as methane, ethane, propylene, and a mixture of butanes. At evaporation temperatures, impurities form the pressure that by its value is different from the pressure of the main component. The ratios of components of a coolant are changed in the course of operation of the unit, so does the impact of specific impurities on the total pressure of vapors.
Research into influence of the quality of a cooling agent on the basic technological parameters of the cold obtaining process will make it possible to assess the impact of each separate component on total pressure in the system and technical indicators of performance of the equipment. The relevance of the work in this direction lies in the fact that obtained results will contribute to development of measures regarding reduction of undesirable influence of impurities on production.
Literature review and problem statement
A combined deparaffination and oil removal unit is designed for deparaffination of distilled and residual raffinates and oil removal from obtained gatch for the purpose of obtaining deparaffinated oils, paraffin and ceresin. The unit consists of a steam compressing refrigeration unit, which provides cooling of the mixture of raw materials.
The process of cold obtaining is influenced by such factors as composition and temperature of cooling mixtures, temperature of material flows, and ambient temperature. Composition of a coolant is one of the most influential factors, which affects stability and uninterrupted operation of the unit, performance and quality of the finished product.
Four main impacts, associated with the use of contaminated with impurities coolants, are distinguished [1] :
-changes in thermal properties of operation fluid; -chemical changes that affect inner stability of the system; -physical changes that affect the structure of components and behavior of materials;
-consequences of toxicity at the outlet of the system. Research into influence of impurities on the refrigeration cycle, was mostly carried out for ammoniac refrigeration systems, where the major undesirable component is the air. Technological process of cold obtaining with the use of ammoniac refrigerating machines is sufficiently studied and quite effective. However, most industrial ammoniac refrigeration units are morally and physically obsolete and require substantial renovation. The authors of paper [2] consider that the key trend of improvement of the technological process is application of the optimal level of boiling temperature in the evaporator, improvement of design and mode of operational characteristics of refrigeration units.
Paper [3] presented the data on refrigeration systems operating on natural gas, which in addition to methane, contains harmful impurities. Impurities negatively influence efficiency of technological equipment. The authors of the article propose to clear natural gas from acidic impurities (Н 2 S, СО 2 ), water vapor, sulfur, mercury and heavy metals before using it in refrigeration equipment. In addition, to minimize the impact of undesirable components on the technological parameters of the process, it is proposed to apply the operation of blowing off a part (3-5 %) of low-pressure gas flow. The authors of the paper indicate the negative effect of impurities on operation of the refrigeration cycle. But the studies, cited in the article, regard the use of methane with hydrogen sulfide impurities, carbon dioxide, sulfur and others as a coolant.
In article [4] , the authors made thermodynamic analysis of various cooling cycles that use mixtures of substances as coolants. It was shown that it is possible to increase productivity of a refrigeration plant by applying gas mixtures with a large share of high-boiling components. At the same time, the article does not contain any information about the quality of mixtures of raw materials.
Papers [5, 6] contain results of research into cascade refrigeration systems, in which carbon dioxide (R744) is used as coolant in low temperature circuits and ammoniac (R717) is used in high temperature circuits [5] , as well as a new binary mixture of carbon dioxide (R744) and propane (R290) [6] . The study was carried out to determine thermodynamic and technological characteristics of the system. The data on the influence of impurities on operation of the refrigeration cycle are not cited in the paper.
Physical and chemical characteristics of the mixture of R290, R600a and R290/R600a were explored in [7] . Surface tension of such coolant as propane, isobutene and the propane-isobutene mixture in the temperature range between 253 K and the critical temperature was determined. The article does not examine the influence of impurities on physical and chemical properties of coolants, including propane.
Article [8] presents the results of research into equilibrium of the steam-fluid system for propane coolant with addition of 1,1,1,3,3,3-hexafluoridepropane (R236fa) at temperature of (283.13, 303.19 and 323.26) K. The authors point out existence and negative impact of hydrocarbon impurities (n-butane and isobutene) in the propane coolant on the equilibrium condition of substances. Experimental data indicate existence of azeotropic composition at high concentrations of propane and significant deviation of the raw material mix from the Raoul law. The paper does not explore existence of ethane, methane, propylene in the raw material mixture and their impact on characteristics of the coolant.
The research into dependence of pressure in the refrigeration cycle was presented in paper [9] . It was shown that impurities have a negative impact on energy consumption of the refrigeration equipment. However, there is no information about the impact of each separate impurity component on indicators of the process of obtaining of low temperatures.
The above details allow us to assert that the issue of the influence of hydrocarbon impurities (ethylene, methane, propylene, butanes) in the propane coolant on technological parameters of refrigeration cycle was not actually explored in the literature. The authors examined either pure raw mixtures, or the systems with impurities, but different from the impurities that exist in the propane coolant of industrial refrigeration units.
The aim and objectives of the study
The aim of present research was to determine the influence of inert impurities on technological parameters of obtaining of artificial cold and, as a result, the efficiency of the cooling unit.
To accomplish the set goal, the following tasks were to be fulfilled: -to determine the impact of quality of propane on the total vapor pressure of the coolant in the process of condensation and evaporation;
-to determine the impact of separate impurities, contained in the coolant, on operation of equipment in the refrigeration department.
Materials and methods of research into the influence of propane quality on total pressure of vapors of cooling agent

1. Equipment and materials used in the experiment
The research was carried out in the refrigeration department of the industrial combined unit of raffinate deparaffination and oil removal from obtained gatch [9] . The refrigeration unit consisted of propane crystallizers and evaporators, fluid separators, turbochargers, the propane supercooler, refrigerators-condensers, and the receiver.
The influence of the composition of the coolant on total pressure in the receiving reservoir and in the turbochargers' injection reservoir was studied. The methodology of the experiment was based on the fact that analysis of the composition of the gas mix was performed at the same parameters of the process. Analysis of obtained results was conducted for the data that met the following technological conditions:
-raw material consumption -22 m 3 /h; -multiplicity of dilution of raw material with the solvent -1:2;
-ratio of components of a solvent (methyl ethyl ketone: toluene) -45:55;
-temperature of solvent -35 °С; -temperature of the raw material mix at the inlet into the pipe space of propane crystallizers -12 °С;
-temperature of cooled raw material mix at the outlet from the pipe space of propane crystallizers -minus 12 °С;
-temperature of return water flow, fed to water condensers -24 °С;
-consumption of return water -490 m 3 /h; -average daily temperature of the air, that comes to air refrigerators -condensers for cooling -10 °С.
The values of total pressure and temperature in the receiving reservoir and the injection reservoir were selected from mode sheets of the unit under above mentioned conditions.
In the course of research, the equipment was not switched over, additional processes, which could influence the obtained results, were not performed.
In the experiment, technical propane with the content of the main component of 91-96 % by weight was used as a coolant, the rest were hydrocarbon impurities.
2. Methods for determining the composition of a cooling agent
To determine the composition of the coolant, chromatographic method for separation of hydrocarbons was used. Specially prepared modified aluminum oxide was used as an absorber, mixture of aluminum oxide and Vaseline oil was used as solvent.
To determine specific kept volume of gases, aluminum oxide was loaded in the chromatographic column. The column was installed in the chromatograph and activated in the flow of gas-carrier at 250 o С for two hours without connection to the detector. Then the column was cooled to room temperature, and connected to the detector.
The mix of propane and the air in the ratio of 1:2 was injected with a syringe to the chromatographer through the sampler, and time of components' keeping was determined by a stopwatch. Specific kept volume of propane ( ) τ g V was calculated from the formula:
where 1 R V is the reduced kept volume of propane, сm 3 ; t R is the time of keeping propane, s; t 0 is the time of keeping the air, s; V α is the velocity of gas-carrier, сm 3 /s; m 1 is the weight of aluminum oxide, g.
The data were obtained in the form of a chromatogram. Hydrocarbon composition of liquefied gas was determined by relative kept volumes. Relative volume of keeping (V g ) was calculated from the formula:
where l п is the distance from the first peak to the maximum peak of correspondent hydrocarbon, mm; l n-butane is the distance from the first peak to the peak of n-butane, mm.
Mass fraction of separate hydrocarbon in gas (Х і ) in per cent was determined from formula:
where S і is the reduced area of the peak of this hydrocarbon, mm 2 ; ∑S i is the sum of reduced areas of peaks of all hydrocarbons, mm 2 .
Reduced area of the peak of carbohydrates (S і ) in mm 2 was calculated from the formula:
where a is the width of the measured peak in the middle of its height, mm; b is the scale of the recorder; h is the height of the peak, mm; k is the mass coefficient of sensitivity.
Results of research into influence of propane quality on the operation of a refrigerator compartment
1. Results of research into influence of gas mixture components on total vapor pressure of the coolant
To determine the influence of quality of a propane coolant on total pressure, we selected indicators of pressure and temperature in the reception reservoir and the turbocharger injection reservoir from operation mode sheets of the refrigeration unit under fixed conditions. The samples of the coolant mixture, taken under the same conditions, were analyzed for the contents of propane and hydrocarbon impurities ( Table 1) . Dependence of temperature on pressure of saturated vapor of the coolant in evaporators is shown in Fig. 1 , in condensers -in Fig. 2 . These dependences were plotted based on the experimental data, obtained as a result of research.
Dependence of vapor pressure of coolant in condensers and evaporators on propane quality is shown in Fig. 3 .
The curves, presented in Fig. 3 , were plotted based on experimental data. 
Approximation reliability coefficient in this case was R 2 =0,9617.
It is known that total pressure P of the mixture of ideal gases is equal to the sum of partial pressures Р і of the components in the mix [10]:
... n P P P P
where Р m is the pressure of the mix; Р К is the partial pressure of the k-th component; N is the number of separate gases that make the gas mix. 
where N K is the molar share of the k-th component. Impact of each component of the gas mixture on total pressure is calculated from formula (9) . Results of calculations of pressure in the receiving reservoir are shown in Table 2 , calculations of pressure in the injection reservoir are shown in Table 3 .
Amount of separate impurities in coolant is different. And such will be a contribution of each component in the total pressure in the studied systems.
Тable 2
Partial pressure of components of coolant in the receiving reservoir, kPa 
2. Analysis of influence of composition of coolant on operation of equipment of refrigeration department
To describe behavior of gas hydrocarbon mixture, we used Peng-Robinson equations of state, which unite major thermodynamic parameters of real gas by introducing additional cubic trinomial that takes into account intermolecular interaction in real gas [11] .
The standard form of Peng-Robinson equation of state is as follows:
where Р is the pressure, MPа; Т is the temperature, K; V is the molar volume, m 3 /kmol; R is the universal gas constant. Coefficients of equation (10) for pure substances were determined based on condition that in dependence Р=Р(V), critical point is a point of inflection:
where Р с is the critical pressure, MPа; Т с is the critical temperature, K. It follows form condition (11) that coefficients in equation (10) are equal to: 
To improve description of behavior of pure substances, temperature amendment φ(T) was introduced:
where ω is the acentric factor of substance.
To calculate the influence of the coolant of different composition on the processes of compression, we applied the software complex Hyprotech Ltd HYSYS of 3.2 version, which is used for engineering calculations in design of equipment for chemical, oil and gas extracting, oil and gas refining, as well as petrochemical industries.
Based on calculation results, the diagram of dependence of power consumption of the compressor on the content of propane in the coolant was plotted (Fig. 4) . By the polynomial approximation of calculation data (Fig. 4) , the following analytical dependence with approximation reliability level of R 2 =0.9812 was obtained in the studied range of values:
= -+ ⋅ - 
where N is the power consumption of the compressor, MJ/h, X is the propane content in the coolant, %. Dependence of thermal load of the condenser, the refrigerator, and the supercooler on the quality of the coolant was calculated by a similar method with the use of software complex Hyprotech Ltd HYSYS. Fig. 5 shows the curves of dependence of thermal load of refrigeration equipment on content of propane in the coolant, plotted based on calculation data. 
Discussion of results of research into influence of propane quality on operation of refrigeration department
In the process of studying the impact of propane quality on operation of refrigeration department, the dependence of temperature and total pressure in the receiving reservoir and the injection reservoir of compressors was established. Pressure in the receiving reservoir of turbochargers corresponds to pressure in evaporators, and pressure in the injection reservoir of compressors corresponds to pressure in the condensation system.
At an increase in total pressure, temperature of evaporation ( Fig. 1 ) and of condensation (Fig. 2) increases. The smaller the propane proportion in the coolant and the more impurities, the higher pressure is formed in the system of condensation and evaporation (Fig. 3 ). An increase in total pressure as a result of deterioration of the coolant quality in the cold obtaining technology is a negative factor and it leads to unplanned equipment stops.
Propane coolant is a gas mixture of the main component -propane and hydrocarbon impurities. Total pressure in the refrigeration system consists of partial pressures of separate gases Impurities affect total pressure differently, as their amount in the coolant is different. In addition, each of the components of a gas mixture has its own thermodynamic properties that should be considered when determining the impact of impurities on the process of cold obtaining. In the processes of coolant condensation and vaporization, it is not temperature or pressure of a substance that changes, but its state and degree of vapor saturation. During evaporation, the state of the substance gradually transfers from liquid to wet vapor of varying degrees of saturation, and subsequently -to dry steam. The opposite process takes place during condensation. Dry superheated vapor is converted into wet vapor of various saturation degrees. This affects contribution of each separate component of the coolant to total pressure in the studied section of the system.
To analyze the impact of each component of the gas mixture on the refrigeration process, phase diagrams in P-I coordinates were used [12] . From phase diagrams, the state of the component at the studied temperature and pressure was found for each component of the gas mixture. Table 1 shows that ethane makes up the largest part in the coolant, it is 1.74-6.92 % by weight. Its impact on total pressure is the greatest. Fig. 6 shows phase diagram of ethane. Enthalpy indicators (kJ/kg) are marked on X-axis, absolute pressure (MPa) is marked on Y-axis. The wet vapor area of different degree of saturation is limited by the curve of red color. To the left of the boundary curve, there is the zone, in which the substance is in a liquid state, to the left, there is the zone of superheated vapor. In this zone, the substance is in gaseous state. On the diagram, isotherms (t=const, °С), are shown in red color, adiabates (s=const, kJ/kg·K) are shown in blue color, specific volume of substance (m 3 /kg) is shown in green color. In the area of wet vapor, the isotherms go horizontally and coincide with the horizontals (p=const), in the zone of liquid and superheated vapor -almost vertically. Fig. 6 shows that under conditions of the experiment, ethane is not transformed to a liquid and is in a gaseous state. This creates unwanted excess pressure in compression process and leads to an increase in condensation temperature. At evaporation temperatures, partial pressure of ethane is 1,489-8,501 kPa (Table 2) , at condensation temperatures (Table 3) , it is 34,736-152,627 kPa. After getting to vaporizers, ethane forms a gas "cushion" above the level of liquid coolant. This leads to slowing down of evaporation and heat exchange processes.
Similarly, the aggregate state of each component of the gas mixture under conditions of the experiment and their possible impact on the process were determined.
Propane is the major component of the coolant, according to which this refrigeration cycle is designed.
The propane content under conditions of the experiment changed from 90.72 to 95.82 %. Partial pressure of pure propane at evaporation temperatures was 56.022-75.970 kPa (Table 2) , at condensation temperatures it was 1,307.214-1,364.034 kPa (Table 3) .
Propylene under conditions of the refrigeration cycle behaves as a coolant. Content of propylene ranged within 0.30−1.40 %. Partial pressure of propylene at evaporation temperatures was 0.188-0.984 kPa, at condensation temperature it was 4.317−20.046 kPa (Table 2, 3) . Excess pressure, which is formed as a result of existence of propylene in the coolant, negatively affects the process.
Methane under condition of the process was in the supecritical state. At temperature of above minus 83 °C, it was only in the gaseous state irrespective of pressure. Partial pressure of methane in the receiving reservoir was 0.019-0.069 kPa, in the injection reservoir -up to 1.240 kPa. Methane's contribution to total pressure was insignificant due to its small concentration in the gas mixture and made up 0.01-0.04 % ( Table 1) .
The isobutene content in the cooler was 0.64-1.07 %, n-butane content of 0.03-0.15 %. Partial pressure of n-butane at evaporation temperatures was 0.012-0.095 kPa, at condensation temperatures it was 0.279-1.704 kPa. Partial pressure of isobutene at evaporation temperatures was within 0.316-0.682 kPa, at condensation temperatures it was 6.73-12.241 kPa. Isobutene and n-butane under conditions of the refrigeration cycle almost always are in the liquid state. The negative impact of butanes lies in the fact that in evaporators and condensers they formed a liquid film on heat exchange surfaces. In this case, propane vapors penetrated to the pipes' walls only by diffusion. With an increase in thickness of a fluid layer, propane penetration to the walls became complicated. This led to a gradual increase in pressure in the refrigeration system and deterioration of the processes of raw mix cooling and condensation of compressed coolant.
Calculations showed that the impurities have a negative impact on operation of the equipment of the refrigeration cycle. With a decrease in propane content in the cooler, power consumption of the compressor increases from 5,109 MJ/kg at 100 % propane content to 5,160 MJ/kg at 91 % propane content in the gas mixture ( Fig. 4) . This leads to deterioration of compression process and an increase in electricity consumption.
Dependence of power consumption of the compressor on propane content in the cooler is clear and unambiguously negative. The influence of the coolant quality on thermal loading of other equipment is ambiguous (Fig. 5 ). Thermal loading on the condenser and the refrigerator at propane content in the coolant from 90.5 to 93.9 % undergoes minor changes and is the following: loading on the condenser is 3,071-3,048 MJ/h, loading on the refrigerator is 8,486-8,578 MJ/h. Upon further increase in propane content, loading on the condenser increases dramatically and at propane content in the cooler of 97 %, it is 8,635 MJ/h. Thermal loading on the refrigerator in this case drops from 8,578 to 3,000 MJ/h. For a refined determining of the influence of propane quality on operation of refrigeration equipment, we calculated total thermal loading on the condenser and on the refrigerator, which at propane content in the coolant of 90.72-95.3 % was 11,557-11,661 MJ/h. At an increase in propane content in the gas mixture up to 97 %, total thermal load on the condenser and the refrigerator decreased to 11,467 MJ/h. Since the heat exchange surface of the condenser and the fridge is constant, thermal loading affects only the flow rate of return water and the air, which are fed to the equipment. The more the thermal load, the greater the flow rate of cooling substances.
Thermal load of the supercooler under conditions of the experiment almost never depended on composition of the coolant.
Research and calculations have shown that separate impurities differently influence the refrigerator cycle, however, the total impact is negative.
In the course of operation of industrial refrigeration units, impurities are periodically removed in order to lower the level to an acceptable one and reduce the risk of unplanned equipment stops. This leads to great losses of propane and pollution of the environment.
Solution of the above-mentioned problems is possible by increasing propane quality and improving the operation of the refrigeration department. It is possible to improve the quality of the coolant by lowering evaporation pressure of the coolant. This can be done by:
-creating a vacuum of the forming system; -using a dual-circuit cooling system, when cooling of raw material mixture is first performed in propane crystallizers, then in ethane crystallizers; -using additional equipment, in particular the de-ethanation column.
The results, presented in the article, were obtained for a separate industrial refrigeration unit. However, they can be useful for better understanding of the technological process of cooling and its improvement.
Conclusions
1. The influence of propane quality on total pressure of vapors of the coolant in the processes of condensation and evaporation was studied. Propane coolant is a gas mixture of the main component -propane and hydrocarbon impurities. Total pressure in the refrigeration system consists of partial pressures of separate gases.
It was found that the smaller the propane proportion in the coolant and the more impurities, the more pressure is formed in the refrigeration cycle. A decrease in propane content in the coolant from 95 % to 89 % by weight leads to an increase in pressure in evaporators from 57 to 86 kPa, in condensers -from 1,385 to 1,524 kPa.
An increase in pressure occurs, firstly, due to accumulation of impurities in the system, which creates additional pressure; secondly, due to deterioration of conditions of thermal and mass exchange. Impurities that get to the system with propane, gradually accumulate and form a liquid layer on the surfaces of heat exchange equipment. In the presence of the liquid layer, propane vapor penetrates to heat exchange surfaces only by diffusion, overcoming significant resistance. As a result, pressure in the system gradually increases.
An increase in total pressure causes an increase in temperature of evaporation and condensation processes. At an increase in pressure in evaporators from 60 kPa to 85 kPa, temperature increases from minus 30,5 o С to minus 26 o С. An increase in pressure in condensers from 1,385 kPa to 1,510 kPa causes an increase in temperature from 29.5 o С to 35.0 o С. A temperature increase occurs as a result of deterioration of heat exchange conditions due to formation of a liquid film on heat exchange surfaces.
Deterioration of propane quality causes an increase in power, consumed by the compressor, i.e. it worsens the process of compression and increases electricity consumption.
Calculations showed that an increase in propane content in the raw material mixture from 95 % to 97 % leads to a decrease in total thermal loading on the condenser and the refrigerator by 1.7 %. The lower thermal loading on the equipment, the less consumption of cooling substances. An increase in total thermal loading causes additional material and energy consumption in the cold production.
2. The influence of separate hydrocarbon impurities on operation of refrigeration department was determined. Based on experimental and calculation data, the contribution of each separate impurity to total pressure of saturated vapor of the coolant in evaporators and condensers was determined. It was shown that separate impurities differently affect the equipment, however, on the whole, this impact is negative. The most harmful impurities are ethane and butane.
Ethane and methane under conditions of cold obtaining process do not transfer to a liquid state and are in a gaseous state. Partial pressure of pure ethane and methane is higher than partial pressure of pure propane under the same conditions. Ethane and methane increase total pressure in the refrigeration cycle. The content of methane in the raw material mixture does not exceed 0.03 % by weight, which is why its impact on total pressure is much lower than the impact of ethane, the content of which is 7 %.
Butanes, forming a liquid film on heat exchange surfaces, worsen heat exchange processes in refrigeration equipment. Existence of a liquid film prevents propane vapor from penetrating to the walls of the tubes. The process is carried out only by diffusion, which helps increase the total pressure in the system.
Propylene acts in the system as a coolant and its impact on total pressure is negligible.
